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Abstract
Background
The 2009 H1N1 influenza pandemic caused offseason peaks in temperate regions but coin-
cided with the summer epidemic of seasonal influenza and other common respiratory virus-
es in subtropical Hong Kong. This study was aimed to investigate the impact of the
pandemic on age-specific epidemic curves of other respiratory viruses.
Methods
Weekly laboratory-confirmed cases of influenza A (subtypes seasonal A(H1N1), A(H3N2),
pandemic virus A(H1N1)pdm09), influenza B, respiratory syncytial virus (RSV), adenovirus
and parainfluenza were obtained from 2004 to 2013. Age-specific epidemic curves of virus-
es other than A(H1N1)pdm09 were compared between the pre-pandemic (May 2004 – April
2009), pandemic (May 2009 – April 2010) and post-pandemic periods (May 2010 – April
2013).
Results
There were two peaks of A(H1N1)pdm09 in Hong Kong, the first in September 2009 and the
second in February 2011. The infection rate was found highest in young children in both
waves, but markedly fewer cases in school children were recorded in the second wave than
in the first wave. Positive proportions of viruses other than A(H1N1)pdm09 markedly de-
creased in all age groups during the first pandemic wave. After the first wave of the pandem-
ic, the positive proportion of A(H3N2) increased, but those of B and RSV remained slightly
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lower than their pre-pandemic proportions. Changes in seasonal pattern and epidemic peak
time were also observed, but inconsistent across virus-age groups.
Conclusion
Our findings provide some evidence that age distribution, seasonal pattern and peak time of
other respiratory viruses have changed since the pandemic. These changes could be the
result of immune interference and changing health seeking behavior, but the mechanism
behind still needs further investigations.
Introduction
Previous studies have proposed a hypothesis of viral interference between influenza and other
respiratory viruses [1]. Experiments have shown that respiratory virus infection can stimulate
temporary non-specific innate immunity, thereby protecting the host from secondary infec-
tions of other viruses [2]. This finding is further supported by the observation that children
who receive trivalent influenza inactivated vaccines have an increased risk of infection of non-
influenza viruses [3]. However, other studies have failed to find an association between influen-
za vaccination and non-influenza infections [4]. Investigations into the age-specific epidemic
curves of multiple respiratory viruses across different regions and climates can help resolve the
controversy over the potential interference between different viruses. The 2009 H1N1 pandem-
ic was characterized with an offseason surge of infected cases in temperate regions, with an age
distribution shift towards children and young adults, which is distinct from seasonal influenza
outbreaks [5]. A similar age shift was also observed in the subtropical city of Hong Kong, but
the pandemic coincided with the summer epidemic of seasonal influenza. We hypothesize that
the emergence of this new influenza virus strain could have interrupted the regular circulation
of other respiratory viruses through the viral interference of competing for entry sites and
changing the preexisting innate immunity. This viral interference could be reflected by the
change of age distribution and seasonal variations of the respiratory viruses other than influen-
za, such as late (or early) peaks and altered seasonal patterns during and after the pandemic. In
this study, we utilized 10 years of age-specific surveillance data on common respiratory viruses
of influenza, RSV, adenovirus and parainfluenza in subtropical Hong Kong, with the aim to as-
sess the impact of the 2009 H1N1 pandemic on the age-specific epidemic curves of other respi-
ratory viruses by comparing the periods before, during, and after the pandemic.
Methods
We analyzed the age profile of 120571 cases with influenza like symptoms and specimens test-
ed the microbiology laboratory of Queen Mary Hospital (QMH) during the study period of
January 2004 to December 2013. This laboratory is one of largest sentinel surveillance laborato-
ries in Hong Kong and covers 20% of the population. During the whole study period, direct
immunofluorescence (IF) tests were conducted to test influenza (type A or B), RSV, adenovirus
and parainfluenza (type 1,2,3) [6]. Influenza A positive specimens were subtyped into seasonal
A(H3N2) and A(H1N1) by viral culture and also subtyped into the pandemic virus A(H1N1)
pdm09 by RT-PCR during the 2009 H1N1 pandemic until early 2010. Non-subtyped influenza
A positive specimens were allocated into three subtypes by annual ratio of total numbers of
each subtype. Because the A(H1N1)pdm09 did not emerge in Hong Kong until May 2009, the
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annual ratio of year 2009 was separately calculated for the first 17 weeks of 2009 and the re-
maining 35 weeks. Weekly age-specific numbers of positive specimens were aggregated into
the age groups of 0–4y, 5–17y, 18–64y, 65y and above. Weekly age-specific positive propor-
tions were calculated as weekly age-specific numbers of positive specimens divided by weekly
total numbers of specimens tested for each age group.
To assess the impact of the 2009 pandemic on virus circulation, the overall positive propor-
tions in five pre-pandemic seasons (2 May 2004 to 25 April 2009), one pandemic season (26
April 2009 to 25 April 2010), and three post-pandemic seasons (26 April 2010 to 20 April
2013) were compared by Chi-square tests. Here influenza season was defined as week 18 of the
present year to week 17 of the following year to ensure that other seasonal factors were compa-
rable between the periods. Hence the length of these nine seasons was shorter than the entire
study period of January 2004 to December 2013. Positive proportion was used instead of posi-
tive number because the former was less affected by yearly variations in the number of speci-
mens collected for each age group.
We used wavelet analysis [7, 8] to assess the seasonal patterns of age-specific virus epidemic
curves. Unlike other approaches that decompose the temporal variations of time series, wavelet
analysis does not require stationary datasets and thus is suitable for virological data in Hong
Kong given their unpredictable seasonality. This approach has been adopted to explore the spa-
tiotemporal patterns of influenza activity across different states of the United States [9] as well
as the synchrony of different surveillance data in Hong Kong [10]. A detailed description of
wavelet analysis can be found in references [8, 11]. Briefly, Morlet wavelets at the frequency
ranging from biannual to quarterly cycles were fitted to age-specific virology data to reveal the
temporal change in relative dominance of these cycles. Similar to R2 in linear models, wavelet
power spectrum was calculated at each time point for each frequency to quantify the relative
dominance of these cycles over time. Wavelet power spectrum ranges from 0 to 1, with the
highest indicating the complete dominance and the lowest the complete missing of certain
cycle.
We calculated the mean week of the epidemics (MWE) to compare the epidemic peak time
in the pre- and post-pandemic seasons [12]:
MWEi ¼
X
vit  t=
X
vit
where vi denotes the number of laboratory confirmed cases at week t (= 1,2,. . .,49, -2, -1,0) of
season i. Because of two-peak patterns shown in most respiratory viruses, MWE was calculated
separately for the warm (weeks 18 to 49) and cool season (week 50 to week 17 of the following
year) within each influenza season. Here we replaced the week numbers 50 to 52 by -2 to 0 to
avoid the dominance of these large numbers. Some virus-age groups were excluded from this
analysis, due to small numbers of cases (annual total< 20 in half of study years). All analyses
were conducted in R package version 2.12.2 (R Foundation for Statistical Computing, Vienna,
Austria). Wavelet analysis was conducted by using the sowas and Rwave packages of R [7, 13].
Ethical approval was obtained from the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster (UV11-264). Written consent was waived
as only the aggregated data were used in analysis.
Results
A total of 120 571 specimens were collected during the entire study period of January 2004 to
December 2013. We examined the age profile of 9 952, 1 509, 5 012, 1 467, and 3 391 cases with
laboratory-confirmed infections of influenza A, influenza B, RSV, adenovirus, and parainflu-
enza, respectively. During the pandemic period of 26 April 2009 to 24 April 2010, the positive
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rate of A(H1N1)pdm09 was high among school children and adults but low in the elderly.
After the pandemic, the positive rate of A(H1N1)pdm09 became low in school children and
adults. Compared with those in the pre-pandemic period, a markedly decrease of positive pro-
portions in the pandemic was observed for nearly all the non-pandemic viruses; RSV and A
(H3N2) slightly increased in the 0–4y age group, but only RSV reached statistical significance
(Table 1). After the pandemic, seasonal A(H1N1) almost completely disappeared from the
Hong Kong population, and positive proportions of A(H3N2) were higher than those in the
pre-pandemic, but for influenza B the proportions were slightly lower in all age groups.
Age-specific epidemic curves of influenza A(H1N1), A(H3N2), A(H1N1)pdm09, influenza
B, RSV, adenovirus and parainfluenza are shown in Fig 1. Seasonal subtype A(H1N1) infected
many children aged below 18 years in all the study years but only widely circulated in some
years (2006, 2008, and 2009). A(H3N2) was frequently isolated from all age groups except
2006, with high numbers observed in the age groups of 0–4y and 65y above. Both A(H1N1)
and A(H3N2) usually showed a two-peak annual seasonal pattern, and one broad peak was oc-
casionally observed during the study period. Influenza B had a single broad annual peak in
most years but remained at low level in 2004, 2009, 2011 and 2013. The first wave of A(H1N1)
pdm09 occurred around September 2009, and the second wave around February 2011. We also
found that school children were more exempted from the second wave, while in the elderly
more infections occurred in the second wave as compared to the first wave. RSV was character-
ized with broad peaks spanning over one or two months (Fig 1). Two peaks of RSV cases were
observed among young children each year, but no clear patterns were observed in adults due to
the limited number of cases.
All the viruses demonstrated annual and semiannual seasonal patterns across age groups
(Fig 2). Annual cycle was dominant throughout the study period for A(H3N2) and B, but semi-
annual cycle became dominant for A(H1N1) in early 2009 before the pandemic outbreak. In
contrast to seasonal influenza viruses, A(H1N1)pdm09 showed a biannual seasonal pattern,
corresponding to the two waves in 2009 and 2011. RSV and parainfluenza showed a gradual
shift from annual to semiannual cycle, especially in young children. The seasonal pattern of ad-
enovirus was least clear among all the viruses. Compared to the pre-pandemic period, the
MWE of A(H3N2) in all age groups dramatically increased during the post-pandemic period
for the winter epidemics, but earlier peaks were observed for the summer epidemics (Fig 3).
Similar changes were also observed in RSV, with the only exception of the 65y above group. In-
fluenza B, adenovirus and parainfluenza showed slightly earlier summer peaks but delayed
winter peaks in most age groups during the post-pandemic period.
Discussion
In line with other studies in Hong Kong and other countries, we found that the first wave of
the 2009 H1N1 pandemic was characterized by a shift towards younger age in infected and
hospitalized cases [14, 15]. Over 95% of the pandemic cases occurred in people younger than
65 years whereas there were a much lower proportion of seasonal influenza cases in these age
groups (Table 1). We also found that school children were relatively exempted from the second
wave, and more infections occurred in the elderly compared to the first wave. The age shift
back to older people was also observed in elsewhere [16, 17]. This age shift is likely due to the
age heterogeneity in preexisting immunity obtained from the first wave. Serological studies in
Hong Kong have found that 43.4% of school children aged 5–14y but only 0.77% of persons
aged 60 years and over were sero-positive for A(H1N1)pdm09 after the first wave [5, 18].
Infections of one respiratory virus may stimulate temporary nonspecific immune response
in human hosts and thus prevent secondary infections of other respiratory viruses, although
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Table 1. Annual age-specific average numbers (No), positive rates per 100 000 person-years (Rate) and positive proportions (Prop) during the pre-
pandemic, pandemic and post-pandemic periods.
Virus Age Pre-pandemica Pandemicb Post-pandemicc p value d
No Rate Prop No Rate Prop No Rate Prop Pre- vs.
pandemic
Post- vs.
pandemic
Pre- vs. Post-
pandemic
A(H1N1) 0-4y 278 120.5 1.5 20 43.4 0.5 6 13.0 0.1 <0.001 <0.001 <0.001
5-17y 239 33.6 3.7 3 2.1 0.1 1 0.2 0.0 <0.001 0.398 <0.001
18-
64y
170 3.8 2.1 33 3.7 0.5 8 0.9 0.1 <0.001 <0.001 <0.001
65y+ 110 12.1 0.7 31 17.1 0.3 1 0.2 0.0 <0.001 <0.001 <0.001
A(H3N2) 0-4y 625 270.9 3.5 159 344.6 3.9 439 951.6 5.2 0.179 0.002 <0.001
5-17y 250 35.1 3.9 60 42.2 2.7 165 38.7 5.3 0.012 <0.001 0.002
18-
64y
345 7.6 4.3 243 26.9 3.8 324 35.9 4.3 0.131 0.092 0.859
65y+ 806 88.7 5.5 276 151.9 3.1 1255 230.3 6.1 <0.001 <0.001 0.018
A(H1N1)
pdm09
0-4y NA NA NA 443 960.2 10.9 298 645.9 3.5 NA <0.001 NA
5-17y NA NA NA 987 693.7 44.3 116 27.2 3.7 NA <0.001 NA
18-
64y
NA NA NA 938 103.9 14.5 252 27.9 3.4 NA <0.001 NA
65y+ NA NA NA 97 53.4 1.1 121 22.2 0.6 NA <0.001 NA
Influenza B 0-4y 251 108.8 1.4 23 49.9 0.6 91 197.2 1.1 <0.001 0.007 0.039
5-17y 340 47.8 5.3 50 35.1 2.2 124 29.0 4.0 <0.001 0.001 0.007
18-
64y
125 2.8 1.5 31 3.4 0.5 105 11.6 1.4 <0.001 <0.001 0.511
65y+ 130 14.3 0.9 15 8.3 0.2 165 30.3 0.8 <0.001 <0.001 0.425
RSV 0-4y 1827 792.0 10.1 469 1016.6 11.5 795 1723.2 9.4 0.009 <0.001 0.066
5-17y 90 12.7 1.4 22 15.5 1.0 52 12.2 1.7 0.177 0.048 0.340
18-
64y
148 3.3 1.8 75 8.3 1.2 90 10.0 1.2 0.001 0.867 0.002
65y+ 376 41.4 2.6 182 100.2 2.0 350 64.2 1.7 0.012 0.048 <0.001
Adenovirus 0-4y 625 270.9 3.5 57 123.6 1.4 245 531.1 2.9 <0.001 <0.001 0.017
5-17y 257 36.1 4.0 10 7.0 0.4 110 25.8 3.5 <0.001 <0.001 0.310
18-
64y
20 0.4 0.2 5 0.6 0.1 10 1.1 0.1 0.024 0.449 0.153
65y+ 4 0.4 0.0 1 0.6 0.0 2 0.4 0.0 0.719 1.000 0.406
Parainfluenza 0-4y 1135 492.0 6.3 198 429.2 4.9 508 1101.1 6.0 0.001 0.011 0.380
5-17y 96 13.5 1.5 32 22.5 1.4 57 13.4 1.8 0.951 0.321 0.243
18-
64y
116 2.6 1.4 62 6.9 1.0 96 10.6 1.3 0.012 0.083 0.463
65y+ 296 32.6 2.0 115 63.3 1.3 315 57.8 1.5 <0.001 0.126 0.001
RSV, respiratory syncytial virus; NA, not available; NS, not significant
*** p <0.001,
** p <0.01,
* p < 0.05
a Pre-pandemic period is 2 May 2004–25 April 2009.
bPandemic period is 26 April 2009–24 April 2010.
c Post-pandemic period is 26 April 2010 to 20 April 2013.
dp-value of Chi-square tests for positive proportions of the pandemic (or post-pandemic) and pre-pandemic periods. Fisher exact test was used instead
when cell counts were lower than five.
doi:10.1371/journal.pone.0125447.t001
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Fig 1. Weekly numbers of laboratory confirmed cases with influenza A (subtypes A(H1N1), A(H3N2)
and A(H1N1)pdm09), influenza B, respiratory syncytial virus (RSV), adenovirus or parainfluenza by
age group, Hong Kong, 2004–2010. The pandemic period of 26 April 2009–24 April 2010 is highlighted in
gray band.
doi:10.1371/journal.pone.0125447.g001
Fig 2. Wavelet spectrum of age- and virus-specific positive numbers. The black contour lines show the
regions of power significant at the 5% level computed based on 1,000 Monte Carlo simulations. The cone of
influence (black curve) indicated the region without edge effects. The power values were coded from dark
blue for low power to dark red for high power, as shown in the right panel.
doi:10.1371/journal.pone.0125447.g002
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how long such nonspecific immunity can last remains unclear [1]. For example, studies have
demonstrated that children who received influenza vaccination had a significantly high infec-
tion rate of other respiratory viruses [3, 19]. By analyzing the age specific virology data of 10
years, we are able to assess the impact of the pandemic on age patterns of other respiratory vi-
ruses. We found significantly low positive proportions of non-pandemic respiratory viruses
during the 2009 pandemic; the only exception was a small increase in RSV among children
aged below five. Viral interference between the novel 2009 pandemic virus and other respirato-
ry viruses, including rhinovirus, adenovirus and RSV, has also been reported in previous stud-
ies [20–22]. We also found high positive proportions of A(H3N2) in the post-pandemic
periods for all age groups (except the 18–64y group), low proportions of influenza B in chil-
dren, and low proportions of RSV in adults and old people, as compared with those in the pre-
pandemic period. Further investigations are warranted to demonstrate whether such changes
were caused by variations in virus virulence or underlying immunity.
Besides viral interference, there are many other factors that could have also played a role in
regulating seasonal patterns of respiratory viruses, including health seeking behavior, preexisting
immunity and vaccination history. Compared to the pre-pandemic period, we did not observe
any obvious change in seasonal patterns of other respiratory viruses in the post-pandemic period,
Fig 3. Comparison of the mean week of the epidemics (MWE) during the pre- and post-pandemic periods, for influenza A(H3N2), B, respiratory
syncytial virus (RSV), adenovirus and parainfluenza. Red and blue dots represent MWE in warm season (week 19 to week 50) and cool season (week 51
to week 18 of next year) of the pre-pandemic period. Pink and light blue dots represent MWE in warm and cool season of the post-pandemic period. The
vertical bars indicate ± one standard error.
doi:10.1371/journal.pone.0125447.g003
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except a trend of emerging semiannual cycles in young children. Interestingly, we found earlier
epidemic peaks in influenza B, adenovirus and parainfluenza after the first wave of the pandemic,
but delayed peaks in A(H3N2) and RSV. There are no good explanations for such a discrepancy,
but it is of note that the former group of viruses tends to cause relatively mild infections than the
latter group, especially in small children [23]. We postulate that earlier peaks in mild infections
could be due to changing health seeking behavior after the pandemic. Although no studies have
reported the change of health seeking behavior after the pandemic in Hong Kong, obviously in-
creased awareness to respiratory infections has been observed in Hong Kong parents after the
SARS outbreak in 2003 [24]. Similarly, the increased awareness against respiratory virus infec-
tions could have resulted in instant consultations after the onset of respiratory symptoms. This
change could be more evident in young children, because they have been widely reported as the
high-risk group of the pandemic. Moreover the Hong Kong parents tend to be very protective
and vigilant. This could be revealed by the dramatically high admission rates of acute respiratory
diseases associated with influenza in Hong Kong children, as compared to those in the other re-
gions [25]. Unfortunately, we do not have any data on health seeking behavior of the Hong Kong
general population before and after the pandemic. However, it is difficult to assess the preexisting
immune status for all the subjects, given the frequently occurred antigenic drifts in influenza vi-
ruses [26]. The overall vaccination rate remained extremely low in Hong Kong after the pandem-
ic. A survey showed that only 18% of the Hong Kong population were vaccinated in the 2012/13
season, and the coverage was 28.4%, 11.0%, 8.5% and 39.1% in the age groups of 6m-5y, 6-49y,
50-64y and 65y above [27]. These rates are far below the target of 70% coverage in the Healthy
People 2020 proposed by the Department of Health and Human Services of the United States
[28].
Our study has several limitations. First, we assessed the impact of the pandemic on virus ac-
tivities of seasonal influenza, RSV, adenovirus and parainfluenza in this study, but there are
many other respiratory viruses, such as rhinovirus, enterovirus and coronavirus, that were not
assessed due to the lack of surveillance data. Second, our data only cover five influenza seasons
in the pre-pandemic period and three in the post-pandemic, which might not be long enough
to reliably reveal the peaks of seasonal epidemics for each age group. It is possible that some of
changes we observed could be due to the year-to-year variations of virus activities. Third, the
sensitivity and specificity of laboratory tests may vary across age, which might have resulted in
different extents of underreporting. Nevertheless, our data were collected by a single laborato-
ry, which consistently followed the same protocol during the whole study period. Therefore
this underreporting unlikely affects our comparison before and after the pandemic.
This study for the first time comprehensively analyzed a large amount of age-specific virolo-
gy data in the subtropical regions, to our best knowledge. We found that the age distribution,
seasonal pattern and peak time of six respiratory viruses other than A(H1N1)pdm09 have
changed since the pandemic, despite that the magnitude of most changes is not significant and
the patterns appear inconsistent. These changes could be the result of viral interference, or
could have also been caused by changing health-seeking behavior and other unknown mecha-
nisms. Similar studies in other regions when age specific virology data become available in a
wide range could help elucidate the mechanism.
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